ABSTRACT.-Clone size of plants of Andropogon gerardii from Konza Prairie Biological Station, Manhattan, Kansas was estimated from spatial patterns of genetic variation, using proteins detected by starch gel electrophoresis and DNA content (ploidy) measured by flow cytometry. Unique multi-locus protein banding patterns and differences in ploidy were used to exclude plants as members of the same clone. Individual clones averaged about 2 m in diameter and areas of prairie of 100 m 2 were calculated to contain an average of 31.8 genetic individuals.
INTRODUCTION
Clonal growth, broadly defined, is found in 60-70% of plant species (Klimes et al., 1997) . Clonal growth allows an individual to preempt space and is recognized as especially important in competitive habitats or situations (Cook, 1985; Klimes et al., 1997) . Many of the dominant plants of North American prairies can form extensive clones (e.g., Weaver, 1968) . However, clone size in prairie species is poorly documented.
Some clonal plant species have very large and very old clones, e.g., Gaylussacia brachycerium 1980 m diam, Aspen tremuloides 81 m diam and the grass Festuca rubra 220 m diam (Cook, 1985) . Many of these large clones are estimated to be very old, e.g., for the species cited, 13,000ϩ y 10,000ϩ and 1000ϩ, respectively (Cook, 1985) . The adaptations of huge old individuals must be in marked contrast to the adaptive responses of populations of short-lived individuals, which may be closely tracking changes in their environment (e.g., Linhart and Grant, 1996) . While some clonal species certainly form large ancient clones, in general, populations of clonal plants are quite diverse genetically, composed of multiple genotypes (Ellstrand and Roose, 1987; Hamrick and Godt, 1990) .
When Europeans arrived tallgrass prairie extended from western Ohio to eastern Nebraska and from southern Canada to Texas (Risser et al., 1981; Samson and Knopf, 1996) . Andropogon gerardii dominated this grassland, forming 60% of the biomass on the uplands and nearly 100% in lowlands and after fire (Weaver and Fitzpatrick, 1934; Svejcar, 1990) . Beyond the tallgrass prairie biome, A. gerardii's range extends from the Atlantic Coast to the base of the Rocky Mountains and from southernmost Canada to the Gulf of Mexico. Despite its importance as an ecosystem dominant (Weaver and Fitzpatrick, 1934; Risser et al., 1981; Hartnett and Fay, 1998) , little is known of its population biology. It is so abundant in many places that it forms a virtually continuous sward, making the study of individuals very difficult.
It has been suggested that Andropogon gerardii clones are on the order of 10s to 100s of meters in diameter (Reichman, 1987; Glenn-Lewin et al., 1990) . Gustafson et al. (1999) published the first paper using DNA markers to look at A. gerardii genetic structure and found much within population variation in relict populations, suggestive of clones meters but not 100s of meters in diameter. This is consistent with our previous observations: mean 147(2) THE AMERICAN MIDLAND NATURALIST clone area in the City of Boulder Open Space, Boulder, Colorado, was approximately 0.20 m 2 (Keeler and Davis, 1999) .
One goal of evaluating clone size is a better appreciation of how plants, in this case an ecosystem dominant, respond to the variable midcontinent environment. To understand response to the environment, it is of interest to know if there are a few outstanding genotypes which do well under most environmental conditions or if populations are genetically diverse, turning over rapidly and thereby tracking environmental change or if reality lies somewhere in between.
We used protein variation and ploidy level as genetic markers to estimate clone size and diversity for the tallgrass prairie dominant Andropogon gerardii (big bluestem) at Konza Prairie, Manhattan, Kansas.
METHODS AND MATERIALS
Study sites and sampling procedures.-The clonal structure of Andropogon gerardii populations was studied at Konza Prairie Biological Station, Manhattan, Kansas. Konza is an unplowed tallgrass prairie of 3487 ha in the Kansas Flint Hills, managed by Kansas State University (Knapp and Seastedt, 1998) . Plants used in a previous study of cytotypic variation at Konza Prairie (Keeler, 1992) were propagated from rhizomes and maintained in the greenhouse at the University of Nebraska-Lincoln. Data on protein variation and polyploidy among plants from six of the previously studied plots are reported in this paper (Table 1) . The plots represent various environments and treatments at Konza: three plots (UBD, UBW, UDW) were in long-term unburned areas while three plots (1CD, NAD, NCD) were annually burned. Four of the plots were in the dry uplands of the prairie (1CD, UBD, NAD and NCD) and two were at the base of the hills where water tends to drain (UBW, UDW). Although NAD and NCD now are grazed by bison, the plants were sampled before the bison had much impact.
Plot areas were established to encompass at least 22 clumps of Andropogon gerardii. Each clump analyzed was at least 1 m from the others. Since A. gerardii density varied, plots covered from 23 to 63.5 m 2 (Table 1 ). The closest two plots were more than 50 m apart and most were considerably more distant from neighboring plots.
Genetic analysis and clone assignment.-To distinguish individuals, unique electrophoretic phenotypes were identified using starch gel electrophoresis of enzymes. Leaf and root tissue from greenhouse grown plants supplied proteins for electrophoresis. Polymorphic enzymes used for exclusion were alcohol dehydrogenase (ADH), colorimetric esterase (CE), diaphorase (DIA), peroxidase (PER) and phosphoglucoisomerase (PGI). Stain recipes were slight modifications those of Soltis et al. (1983) and North Carolina Agricultural Research Service (1988) . Banding patterns were more intense and better resolved from leaf tissue for all enzymes except ADH. ADH activity and resolution was best from root tissue.
All tissues were ground in 4-5 drops of extraction buffer with an ice cold mortar and pestle. The extraction buffer used for CE and PER was 1 M Tris-HCl pH 7.1 with 0.1% w/ v PVP-40. DIA and some PGI samples were crushed in 1.0 g L-ascorbic acid, sodium salt and 2.0 g sucrose dissolved in 9.0 ml distilled water. Samples assayed for ADH and some PGI samples were ground in the extraction buffer of Williams and Waser (1999) . All enzymes were best resolved in 10-11% horizontal starch gels using the citrate-borate buffer system #6 of Soltis et al. (1983) . Gels were cooled with ice packs and run at 35-50 mA until the front had moved anodally 8 cm.
Because of the high polyploid level of Andropogon gerardii (Norrmann et al., 1997) , genetic interpretation of enzyme electromorphs is difficult. For the purposes of this study we grouped all the bands of a stain system into a single electrophoretic phenotype for each individual based on the presence or absence of bands. These multilocus electrophoretic phenotypes were compared among sampled plants. If there is little genetic variation in the population, this technique will underestimate the number of genetic individuals and overestimate the extent of clones. In contrast, nongenetic effects on protein expression may increase the variation in phenotypic banding patterns and could obscure the genetic similarity of neighboring plants. Although nongenetic variation was not studied, the plants compared were growing under uniform conditions (i.e., in the same greenhouse bay) which minimized environmental variation. We did not compare phenotypes between plots except: (1) to present the number of phenotypes shared between plots (Columns 6, 7 in Table 2 ) and (2) to indicate that individuals' phenotypes within a plot were similar, despite differing ploidy levels (Table 3) .
For all plants chromosome number was determined by flow cytometry (Keeler et al., 1987; Norrmann et al., 1997) . This provided an additional genetic character, ploidy, since plants with different chromosome numbers are assumed to be different genetic individuals. Flow cytometry determines chromosome number by measuring the amount of fluorescently stained nuclear DNA passing in front of a laser. The amount of DNA stained correlates with chromosome number (e.g., Michaelson et al., 1991) . At Konza most Andropogon gerardii individuals have 60 chromosomes, which gives a characteristic value of 5.93 pg DNA (ϩ/ Ϫ0.52, 95% cl) per nucleus using propidium iodide as the DNA stain (Norrmann et al., 1997) . Approximately 45% of Konza plants (but up to 96% within a plot) had 8.92 pg DNA/nucleus (ϩ/Ϫ0.48), representing 90-chromosome plants (Keeler et al., 1987; Norrmann et al., 1997) . The peaks of DNA produced by the flow cytometer for these cytotypes are narrow and do not overlap (Keeler et al., 1987; Michaelson et al., 1991) . A few individuals (Ͻ5% of the 500 studied by Keeler, 1992) had an intermediate amount of DNA. These are aneuploids, produced by crosses between the 60 and 90 chromosome cytotypes (Norrmann et al., 1997) . All A. gerardii cytotypes are interfertile, although fertility of plants with more than 60 chromosomes is reduced by production of gametes with unbalanced chromosome complements (Norrmann et al., 1997) .
Clone extent was determined by excluding plants as members of the same clone if they differed in either protein banding pattern or DNA content. To decide if plants of the same 
60 60 60 60 ploidy level were different, a conservative approach was used: identity was assumed unless they differed by two well defined, darkly staining bands.
147(2) THE AMERICAN MIDLAND NATURALIST

RESULTS
Protein and cytotype variation in Andropogon gerardii.-Of the stain systems studied, DIA and ADH were the least variable, PER the most. The total number of different bands observed per stain ranged from 6 (DIA) to 14 (PER), while the number of phenotypic combinations varied from 12 (ADH) to 74 (PER) ( Table 2 ). For PER we scored only the anodally migrating bands. For CE two very fast bands migrated with the front under our standard conditions and were not scored. The number of bands per individual plant expressed for any enzyme specific stain ranged from 1-9, averaging about 3 for all stains except PGI, which averaged 5.7 (Table 2) . Although quaternary structure, number of loci and alleles cannot be determined with certainty without formal genetic analysis of crosses, the small minimum number of bands per individual suggests that only 1 or 2 loci with multiple alleles are expressed in hexaploid A. gerardii (Tables 2, 3) .
There was a great deal of electrophoretically detectable variation among plants sampled since most plants had multiple bands for each enzyme and differed from their neighbors (Tables 2, 3 ). Banding patterns, e.g., ADH and PGI phenotypes (Table 3) , were generally more similar between ploidy levels within plots than among plants of the same ploidy between plots. Local variation is further seen because there is no common phenotype found in all plots (Table 4 ) and many phenotypes are seen only within one plot (Table 4) . Despite the insensitivity of number of bands per plant as a character, for every stain system, the extremes in mean number of bands per plot are statistically significantly different (e.g., for PGI, NCD has significantly more bands than UBW, see Table 1 , t-test, P Ͻ 0.0001 (SAS Institute Inc., 1999) .
Clone sizes.-On average, each phenotype was recorded from an average of 1.59 (SD ϭ 1.15) plants (Table 4) Weaver and Fitzpatrick, 1934) , so this is a maximum estimate of area occupied. In a few cases plants several meters apart and separated by plants from other clones have identical phenotypes (e.g., Fig. 1 ).
DISCUSSION
There is great genetic variation in Andropogon gerardii, as might be expected from a polyploid complex (Tables 1, 2, Fig. 1 ). There is generally more similarity within than between plots (Tables 3, 4) . Individuals in local groups (plots) interbreed across ploidy levels, as indicated by intercytotype hybridization (Norrmann et al., 1997) and shared phenotypes (Table 3) .
As a rhizomatous grass, Andropogon gerardii is potentially immortal and capable of spreading over large areas. That is not the case at Konza. By excluding plants from clone membership based on electrophoretic banding patterns and polyploidy, we found that the average 100 m 2 area of this unplowed tallgrass prairie contained 31.8 different genetic indi-
147(2)
THE AMERICAN MIDLAND NATURALIST viduals (Table 4) . Stated another way, each clone appeared an average of 1.59 times per plot (plots average 39.4 m 2 ) ( Tables 1, 4) .
Although typically small, a few clones were quite extensive. Furthermore, we cannot exclude the possibility that clones extend beyond the plot boundaries. Additional data is required to determine whether distant indistinguishable phenotypes represent an old fragmented clone or distinct genetic individuals that do not differ for the characters tested. On the whole, we are most likely to overestimate clone size, since close relatives may not differ for the traits scored.
Little has been published on the growth of Andropogon gerardii clones. In tallgrass prairies sites in Boulder, Colorado, isolated clones shifted their position only a few cm/y (Keeler and Davis, 1999) . It may require decades for clones to migrate very far across a prairie.
Weaver and colleagues (Weaver and Fitzpatrick, 1934; Weaver and Albertson, 1936, 1943) reported that Andropogon gerardii and other tallgrasses died off the hilltops in Nebraska during the Great Drought of the 1930s, and that seed recruitment by A. gerardii was very high at the end of the drought. Today, A. gerardii covers the hilltops at Nine-Mile Prairie, one of the sites studied by Weaver (Keeler, 1992) . This record of death in dry periods, reseeding after droughts, and slow clonal expansion, is consistent with the modest clone sizes found at Konza Prairie.
Clone sizes are rarely mentioned in publications on clonal species (but see reviews in Jackson et al., 1985) . For most species, the discontinuous distribution of the plants allows determination of maximum clone sizes relatively easily and is probably so evident to the workers as to elicit no comment. Because Andropogon gerardii forms a virtually continuous matrix across the tallgrass prairie (Collins, 1992; Glenn and Collins, 1992) , visual estimation of clone size is problematic. Thus, this is the first report estimating clone size for this species. We find the clones are surprisingly small. Molecular studies indicate substantial genetic variation within populations of clonal species (e.g., Ellstrand and Roose, 1987; Hamrick and Godt, 1990 , but see Eckert, 1999) . Publications specifically looking at clone size emphasize variation in clone size in relation to habitat. For example, Silander (1979) found clones of the grass Spartina patens reached a maximum diameter of 10.3 m. However, populations on dunes were dominated by a few relatively large clones while marsh populations had smaller, more genetic diverse clones. Thus, clone size was a function of habitat. For the rare shrub Neviusia alabamensis, local populations at the edge of the range appear to contain only a single clone, covering as much as 4300 m 2 (Freiley, 1994) . One would expect more individuals per population and probably smaller clone sizes in Neviusia within the main part of its range, where the environment is more suitable.
Clone sizes for Andropogon gerardii at Konza Prairie are relatively small. Konza is a large unplowed tallgrass prairie, managed to approximate historical conditions. Clone sizes here should be representative, at least, of the region.
Konza Prairie is on the western edge of the tallgrass prairie biome and on the distinctive soils of the Kansas Flint Hills (Knapp and Seastedt, 1998 ). What we found at Konza Prairie is consistent with observations from Nine-Mile Prairie in Lincoln, Nebraska (Weaver and Albertson, 1936, 1943; Keeler, 1990) , a 91.6 ha remnant on glaciated loess soil. The Konza clone sizes are also consistent with clone sizes observed in the City of Boulder Open Space (Keeler and Davis, 1999) , where Andropogon gerardii occurs in a narrow zone of tallgrass prairie that runs along the base of the Rocky Mountains (Livingston, 1952; Branson et al., 1965) . None of these populations are in the middle of the tallgrass prairie region but unfortunately virtually no large remnants of eastern tallgrass prairie still exist (Steinauer and Collins, 1996) . In the western part of the tallgrass prairie relatively small clone sizes are common. This is a droughty environment of recurrent extinction and recolonization. Conditions in the moister, more climatically stable, eastern tallgrass prairie (now almost entirely gone) may have allowed greater clonal spread.
The high level of small-scale genetic variation indicates a high frequency of sexual reproduction. Even though at Konza Andropogon gerardii is far more abundant than any other plant, the clones average 2.47 by 1.62 m in diameter with a mean area of 3.20 m 2 . Thus, A. gerardii dominates Konza Prairie with a large number of genetically diverse individuals, rather than a few highly successful genotypes. While some individuals may be very old, it is probable that this species tracks environmental change by relative success and failure of individual clones, recolonizing by seed after droughts and other disasters.
